Abstract: A series of alkyl 1,3-diketones were used to study the temperature dependence of the Kovats retention indices in the temperature range 130-190 ºC (403-463 K). The temperature dependence is described by the empirical equation I = B + B/T + ClnT. On the basis of this equation, the activation enthalpy, DH ¹ , and the chemical potential of the partitioning of one methylene group between the two phases of the chromatographic system, Dm p(CH 2 ) , were calculated. Also, the Kovats retention indices -boiling point correlations (linear and reciprocal) for alkyl 1,3-diketones were studied and Dm p(CH 2 ) was calculated.
INTRODUCTION
Following James and Martin, 1 Kovats 2 elaborated a universal retention system. Since then different relationships have been used to describe the dependence of the Kovats retention indices on temperature. In most of the examples described in the literature, the dependence of the Kovats indices on the isothermal column temperature can be presented by a straight-line plot [3] [4] [5] as given by the linear Eqs. (1) and (2) , which describe the dependence of the retention index on the column temperature t, ºC or 1/T, K -1 :
The most popular relationship describing the temperature dependence of the Kovats indices in non-linear systems is the Antoine type equation: 6, 7 
For non-polar analytes chromatographed on non-polar stationary phases, the dependence of the retention index on temperature is almost linear. 6, 7 On the other hand, for polar analytes chromatographed on non-polar stationary phases, the observed non-regularity can be well described by the equation: [8] [9] [10] 
where A, B and C are equation constants. The final form of Eq. (4) can be achieved in two different ways, i.e., by use of "kinetic" and "thermodynamic" models. The "thermodynamic" approach is based on the Kirchhof law and the "kinetic" model, proposed by Kowalska, is founded on kinetic concepts (transition state theory, theory of phase transfer, and the Eyring equation) as well as on thermodynamic premises. 8 The equation constants A, B and C have a physicochemical meaning and by using two of the constants it is possible to calculate the so-called activation enthalpy DH ¹ and the chemical potential of partitioning of one methylene group between the stationary and mobile phases, Dm p(CH 2 ) . 8 A series of synthesized alkyl 1,3-diketones were used to determine the Kovats retention indices isothermally on a DB-5 capillary column in the temperature range 130-190 ºC (403-463 K). The observed non-linear dependence of the Kovats indices on temperature were analysed using Eq. (4) and the activation enthalpy, DH ¹ , and the chemical potential of the partitioning of one methylene group between the two phases of the chromatographic system, Dm p(CH 2 ) , were calculated. Also, the Kovats retention indices -boiling point correlations for the alkyl 1,3-diketones were studied and Dm p(CH 2 ) was calculated.
EXPERIMENTAL
The GC analyses were performed on a Varian 3400 gas chromatograph equipped with a flame ionization detector and an all-glass split-splitless sample injector (1071 capillary injector). Data handling was provided by a Varian 4720 data system.
The DB-5 capillary column (McReynolds polarity = 323) was obtained from J & W Scientific, Folsom, CA, USA, dimensions 60 m´0.321 mm, film thickness 0.25 mm, theoretical plates/meter 3409 for tridecane, coating efficiency 94.5 for tridecane. The column was operated under isothermal conditions (130, 150, 170 and 190 ºC).
The carrier gas was nitrogen, carrier gas flow 1 ml/min, injector temperature 250 ºC, split ratio 1:60, detector temperature 300 ºC, attenuation 1 and range 10 -10 A/mV.
The studied alkyl 1,3-diketones except acetylacetone were synthesized using the procedure given by Claisen and Erdhardt. 11, 12 The purity of all products was controlled by GC, IR and 1 H-NMR. 12 The hydrocarbons used in this study as standards were obtained from Fluka (Switzerland).
RESULTS AND DISCUSSION
The mean values of the Kovats retention indices from the three series of measurements of the alkyl 1,3-diketones on DB-5 capillary column in the temperature range 130-190 ºC (403-463 K) are given in Table I . Table II contains numerical values of the constants from Eq. (4) (A, B and C), regression coefficient and numerical values of T max (corresponding to the maximum on the plot of I against T) predicted by use of Eq. (4). Table III gives the thermodynamic values of DH ¹ and Dm p(CH2) for each individual chromatographic system. From comparison of the Kovats retention indices obtained (Table I) , it is obvious that the change of retention index in the temperature range 130-190 ºC (403-463 K) can be well described using Eq. (4) and the observed maximum temperature is in the lower regions of the working temperature (Table II) . Although for most of the alkyl 1,3-diketones T max is around 421, generally there is an increase of T max from 2,4-pentanedione to 2,4-nonanedione (Fig. 1) . The numerical value of the temperature at the maximum on the I-T plot (Fig. 1) can be calculated by fitting terms B and C of Eq. (4):
where T max is the temperature of the gas chromatographic analysis at which the numerical value of the retention index is highest for a given analyte, under the employed working conditions. The same terms which enable the determination of T max can also be used for calculation of the enthalpy of activation, DH ¹ : 8 where R is the universal gas constant, 8.314 J mol -1 K -1 , and K p(CH 2 ) is a constant for the partitioning of one methylene group between the two phases of the chromatographic system. After the required transformations, the following relationship is obtained: 8
B
The range of magnitude of DH ¹ for alkyl 1,3-diketones can be compared with the energies of weak intermolecular interactions. The occurrence of any chemical reaction is excluded, because the energy involved would be at least an order of magnitude higher. This leads to a conclusion that the chromatographic process, which in the "kinetic" approach is depicted as a series of equilibria of the vaporization«solution type, 8 is a purely physical process. The enthalpy of activation can be described as the heat of adsorbtion and/or desorption at the temperature T max . Its negative sign suggests an exothermic process with the equilibrium shifted towards solution, whereas DH ¹ can be regarded as the heat of adsorption of the molecule on the surface of the stationary phase from the gas phase.
Considering the experimental values of DH ¹ , it can be observed that DH ¹ increases with increasing carbon chain length. Branching in the alkyl 1,3-diketones decreases DH ¹ . These tendencies are illustrated in Fig. 2 .
Another thermodynamic property which can be determined by use of Eq. (4) is the chemical potential of partitioning of one methylene group between the two phases of the chromatographic system, Dm p(CH 2 ) . This can be obtained from term C of Eq. (7). 8 As:
it is apparent that: where T is the mean temperature of the range of temperatures applied (433 K in this work). Eq. (10) predicts very low value for Dm p(CH2) (Table III) , which are significantly lower than the values reported in the literature. 13 The value of Dm p(CH 2 ) can also be obtained using equations which correlate the retention index with the boiling points of an analyte: 13 I = 100 85 100 85
or
where a = 100 85 Also, the reciprocal model can be used: 13
where c = -100 (11, 13, 15) and from the literature. The fairness of the results depends on the precision of the DH vap value which was obtained using the DH vap values taken from the Scifinder database for the investigated alkyl 1,3-diketones.
The Dm p(CH 2 ) values obtained in such a manner resemble the literature data for similar stationary phases much better than the data obtained using the "kinetic" model.
CONCLUSION
The Kovats retention indices of alkyl 1,3-diketones were studied in the temperature range 130-190 ºC (403-463 K). The temperature dependence is described by the equation I = A + B/T + ClnT. On the basis of this equation, the activation enthalpy, DH ¹ , and the chemical potential of the partitioning of one methylene group between the two phases of the chromatographic system, Dm p(CH 2 ) , were calculated. The rather insignificant values of DH ¹ indicate that in the investigated chromatographic system, the occurring processes are exclusively physical (and not chemical). The negative values of DH ¹ indicate that the equilibrium of the vaporization«solution process is shifted towards solution. Also, the Kovats retention indices -boiling point correlations for the alkyl 1,3-diketones were studied using linear and reciprocal models and Dm p(CH 2 ) was calculated. The obtained value of Dm p(CH 2 ) from these correlations is closer to literature data than the values obtained using the "kinetic" model.
